The El Niño-Southern Oscillation (ENSO) and Indian monsoon are shown to have undergone significant interdecadal changes in variance and coherency over the last 125 years. Wavelet analysis is applied to indexes of equatorial Pacific sea surface temperature (Niño3 SST), the Southern Oscillation index, and all-India rainfall. Time series of 2-7-yr variance indicate intervals of high ENSO-monsoon variance (1875ENSO-monsoon variance ( -1920ENSO-monsoon variance ( and 1960 and an interval of low variance . The ENSO-monsoon variance also contains a modulation of ENSOmonsoon amplitudes on a 12-20-yr timescale.
Introduction
Sir Gilbert Walker knew that the Southern Oscillation (SO) and the Indian summer monsoon are intimately linked (Walker and Bliss 1937) , and he hoped that knowledge of the SO would permit accurate prediction of the monsoon (Normand 1953 ). Since then, numerous studies have shown the influence of the Indian monsoon (hereafter simply the ''monsoon'') on tropical circulation (Normand 1953; Troup 1965; Yasunari 1990; Yasunari and Seki 1992) or, conversely, the impact of the El Niño-Southern Oscillation (ENSO) on the monsoon (Walker and Bliss 1937; Shukla and Paolino 1983; Joseph et al. 1994) .
Each year during March-May, the center of tropical convection migrates from the western Pacific warm pool to the northwest, announcing the arrival of both the Southeast Asian monsoon and the Indian summer monsoon (Meehl 1987 ). Every few years, an El Niño (or warm) event produces a warming of the sea surface temperature (SST) in the central and eastern Pacific, accompanied by diminished easterly trade winds and an eastward shift in tropical convection. The opposite La Niña (or cold) event, which sometimes follows a warm event, produces an anomalous westward shift in warm SSTs and convection, as well as enhanced easterly trades (Rasmusson and Carpenter 1982) .
The strength of the monsoon and the occurrence of warm or cold ENSO events depend on the location and magnitude of western Pacific SSTs and on tropical convection (Soman and Slingo 1997) . A strong monsoon [heavy rains, low sea level pressure (SLP), strong easterlies] tends to inhibit warm events and favor cold events (Yasunari 1990 ). Conversely, a warm ENSO event (decreased convection and high SLP in the west Pacific, weak easterlies) tends to suppress the monsoon (Webster 1995) . No cause or effect is implied (or indeed warranted) in either case.
Since the ENSO-monsoon interaction works in both directions, it is difficult to use one to forecast the other. Forecasts of either one are also complicated by the ENSO-monsoon interaction itself, which occurs ultimately on intraseasonal timescales through the MaddenJulian oscillation, the timing of monsoon onset, the modulation of monsoon active/break periods, and western Pacific westerly wind bursts (for a review see Webster et al. 1998 ).
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Coupled ocean-atmosphere models that include both intraseasonal and interannual processes suggest that the Indian monsoon can have a large impact on ENSO and vice versa (e.g., Ju and Slingo 1995; Wainer and Webster 1996; Meehl 1997 ); yet this knowledge has not been effectively implemented into monsoon or ENSO forecasting systems. Some of this failure is caused by interdecadal changes in both the ENSO-monsoon system and the global ocean-atmosphere background state (Webster and Palmer 1997) .
Interdecadal changes have been found in tropical rainfall (Kraus 1955; Mooley and Parthasarathy 1984) , monsoonal atmospheric circulation (Fu and Fletcher 1988; Parthasarathy et al. 1991) , ENSO frequency and amplitude (Gu and Philander 1995; Mak 1995; Wang and Wang 1996) , and ENSO-monsoon relationships (Elliott and Angell 1988; . Multidecadal and century-long changes have been found in proxy ENSO records (Cole et al. 1993; Knutson et al. 1997; Diaz and Markgraf 1992) . Other studies have examined changes in mean SST (Deser and Blackmon 1995; Zhang et al. 1997) , especially on the 1976-77 increase in SSTs in the Pacific Ocean (Trenberth and Hurrell 1994; .
Since ENSO and the monsoon have such a strong teleconnection with global climate anomalies, it is important to examine ENSO and monsoon variability. The interdecadal changes are also important in analyzing the appropriateness and robustness of theories for ENSO and the monsoon, and in determining the expected skill of ENSO-monsoon forecasts.
The purpose of this paper is to give a detailed description of the interdecadal changes in variance and coherency of the ENSO-monsoon system during the last 125 yr, along with a measure of their statistical significance. Wavelet analysis is used to isolate the timescales of ENSO-monsoon variability, and significance tests are used to assess the robustness of the results. The method of wavelet coherency is used to link ENSO and monsoon variance.
Section 2 describes the datasets used. Section 3 presents the wavelet power spectra and variance time series. Section 4 uses wavelet coherency to analyze the ENSOmonsoon relationship. Verification with other datasets is given in section 5. A summary and discussion are given in section 6. The appendix contains a description of wavelet coherency and phase.
Data
Three indices will be used as measures of variability in the ENSO-monsoon system: Niño3 SST, the Southern Oscillation index (SOI), and all-India rainfall. Additional datasets used for verification are described in section 5.
a. Niño3 sea surface temperature
The El Niño (or oceanic) component of ENSO is measured here by the Niño3 SST index, consisting of the area-average SST over the eastern equatorial Pacific (5ЊS-5ЊN, 90Њ-150ЊW), monthly from January 1871 to September 1998.
The 1871-1996 data is from the U.K. Meteorological Office (UKMO) Global sea-Ice and Sea Surface Temperature (GISST) 2.3-b dataset, available on a 1Њ ϫ 1Њ resolution grid (courtesy of D. Rowell and J. Arnott, UKMO). As described in Rayner et al. (1996) , the GISST 2.3 b is derived from in situ ship measurements and bias-corrected satellite observations. Data-void regions (prominent for pre-1950 data) are filled using empirical orthogonal functions (EOFs). The EOFs are determined from the 1871-1994 data using anomalies from the 1960-91 climatology (Parker et al. 1995) . The EOF analysis is done on a 4Њ ϫ 4Њ resolution grid and consists of a single global EOF mode (to capture any trend) and multiple EOF modes for each ocean basin (Rayner et al. 1996) . A general discussion of data-quality issues for ship measurements is given in Folland et al. (1984) .
The GISST data are used to provide a gridded dataset from which area-average SSTs can be calculated. This approach is thought to be more robust than using the individual ship data, as the original ship reports are not uniformly distributed over the Niño regions in either space or time.
The Niño3 SST index for January 1997-September 1998 is from the Climate Prediction Center (CPC) optimally interpolated SST (courtesy of D. Garrett, NOAA). For details of the analysis method see Reynolds and Smith (1994) .
b. Southern Oscillation index (SOI)
The Southern Oscillation (or atmospheric) component of ENSO is measured by the SOI (Troup 1965) , usually defined as the anomalous SLP in the eastern Pacific at Tahiti (17.6ЊS, 149.6ЊW) minus SLP in the western Pacific at Darwin, Australia (12.4ЊS, 130.9ЊE) .
Monthly SLP at Tahiti and Darwin from 1876 to 1950 were provided by R. Allan (Commonwealth Scientific and Industrial Research Organisation), while 1951-September 1998 data are from CPC (courtesy of D. Garrett). The pre-1936 SLP at Tahiti are from Ropelewski and Jones (1987) , while pre-1882 SLP at Darwin are from Allan et al. (1991) . Data gaps and inhomogeneities were corrected using linear regression from nearby stations by Allan et al. (1996) .
To measure interdecadal changes, the annual cycle is kept within each time series, and the SOI is simply defined as the monthly SLP at Tahiti minus the SLP at Darwin (note that the wavelet analysis will separate the residual annual cycle from the ENSO timescales). One possible criticism of this definition is the different SLP T O R R E N C E A N D W E B S T E R variance at Darwin and Tahiti (Trenberth 1976) . Most of this difference is due to the larger annual cycle at Darwin. The standard deviations (1876-1998) of SLP at Darwin and Tahiti are 2.62 and 1.68 mb, respectively; with the monthly mean annual cycle removed, the standard deviations become 1.08 and 1.06 mb, respectively. Therefore, changes in the SOI annual cycle will mostly reflect Darwin, while SOI changes on other timescales will be equally weighted between Darwin and Tahiti.
c. All-India rainfall
Indian rainfall is from the all-India rainfall index, consisting of an area-weighted average of 306 rain gauges distributed across the plains regions of India (Mooley and Parthasarathy 1984) . Monthly rainfall is available from 1871 to 1994, and the mean (90.9 mm) is removed. Note that this is a monthly index and is not just the sum over the monsoon rainy season.
Changes in ENSO and monsoon variance
The time series of Niño3 SST, the SOI, and Indian monsoon rainfall are shown in Fig. 1 . The SST and SOI have been smoothed to highlight the interannual ENSO component; however, the rest of the analysis uses the unsmoothed time series. Likewise, the Indian rainfall time series shows only the June-September total (in standard deviations from the mean), while the remainder of the paper uses the monthly time series.
The Niño3 SST and SOI are clearly 180Њ out of phase, as expected for the El Niño-Southern Oscillation (Rasmusson and Carpenter 1982) . Both warm (El Niño) and cold (La Niña) events occur approximately every 2-7 yr, and there is considerable variability in the amplitude of ENSO events (e.g., the large 1997-98 El Niño) and in the duration of events (e.g., the prolonged 1992-95 warm anomaly). The shading on the monsoon rainfall indicates years associated with El Niño events (black bars) or La Niña events (gray bars). It is apparent that El Niño years are typically associated with deficient monsoon rainfall, while La Niña years are associated with abundant rainfall (Shukla and Paolino 1983; Yasunari and Seki 1992) . The relationship is not perfect, suggesting that processes other than ENSO can have an impact on monsoon rainfall (and vice versa).
In Fig. 1 , one can see evidence of three distinct time intervals: the first (1875-1920) has numerous ENSO events and large changes in monsoon rainfall, the second (1920-60) has fewer ENSO events and less monsoon variability, and the third (1960-present) again has more ENSO events and more monsoon variability. These interdecadal changes will be examined in the following sections using wavelet analysis.
a. Wavelet analysis method
To isolate the different timescales, the Niño3 SST, the SOI, and Indian rainfall are analyzed with the wavelet transform. The Morlet wavelet is used, and the transform is performed in Fourier space using the method described in Torrence and Compo (1998; hereafter TC98) . Further details on wavelet analysis can be found in Foufoula-Georgiou and Kumar (1995) . To reduce wraparound effects, each time series is padded with zeros. Other wavelet bases, such as the Paul and Mexican hat, were tested and gave the same qualitative results.
The Morlet wavelet consists of a complex exponential modulated by a Gaussian, , where t is the 2 2 i t/s Ϫt /(2s ) 0 e e time, s is the wavelet scale, and 0 is a nondimensional frequency. For 0 ϭ 6 (used here), there are approximately three oscillations within the Gaussian envelope. The wavelet scale s is almost identical to the corresponding Fourier period of the complex exponential, and the terms ''scale'' and ''period'' will be used synonymously.
The wavelet power spectrum is defined as the absolute value squared of the wavelet transform and gives a measure of the time series variance at each scale (period) and at each time. Note that the wavelet transform conserves variance, and the time series can be recovered exactly (TC98). To test the significance of peaks in the wavelet power spectrum, a background Fourier spectrum must be chosen. To test for nonstationary changes in variance, it is most appropriate to choose the global wavelet spectrum (GWS), given by the time average of the wavelet power spectrum (Kestin et al. 1998 ). The wavelet power spectrum is then distributed as chi-square (two degrees of freedom) about the GWS (TC98).
The global wavelet spectra are shown in Fig. 2 . The GWS is equivalent to the Fourier power spectrum smoothed by the Morlet wavelet function in Fourier space (Farge 1992) . Since the width of the wavelet function is constant in period (the short horizontal lines), the number of smoothed Fourier components decreases with increasing period. This implies a decrease in the degrees of freedom (DOF) with increasing period, and a corresponding increase in the width of the 95% confidence intervals (the error bars). The decrease in DOF also causes a rise in the 1% significance level with period, despite the choice of a white-noise background (TC98).
The GWS for Niño3 SST and the SOI show the annual cycle and strong 2-8-yr ''interannual'' peaks. The Indian rainfall is dominated by the annual cycle; the rest of the spectrum appears flat (i.e., white noise), except for a possible peak around 2.8 yr. The next section will analyze the variation of wavelet power about these mean spectra.
b. Wavelet power spectra
The wavelet power spectra for Niño3 SST, the SOI, and Indian rainfall are shown in Fig. 3 . The wavelet power is normalized by dividing each month by the GWS (Fig. 2) , and thus it measures the deviations from the mean spectrum. The thick black contours indicate VOLUME 12
Time series of Niño3 SST (solid curve, ЊC), the SOI (dashed curve, mb/2), and the Jun-Sep (JJAS) total monsoon rainfall (bars; mean ϭ 853 mm, standard deviation ϭ 84.2 mm). For presentation purposes, the monthly mean annual cycles have been removed, and the SST and SOI have been smoothed by an 11-month Lanczos filter (Trenberth 1984) . For the monsoon rainfall, black bars indicate El Niño year (0)s and gray bars indicate La Niña year (0)s, as defined by Kiladis and Diaz (1989) .
FIG. 2.
The global wavelet power spectra for Niño3 SST (solid line), the SOI (dashed line) and the all-India rainfall (gray line), as a function of Fourier period. The dotted line is the 1% significance level for all three, assuming a white noise process. Before computing variances ( 2 ) and significance levels, the time series were prewhitened by removing the monthly mean annual cycle; the annual cycle was then reinstated. The vertical error bars represent the 95% confidence interval (on a logarithmic scale) for each of the curves (for clarity the bars are only plotted for every power of 2). The horizontal lines across each error bar indicate both the baseline of the error bar, and the width of the wavelet function in Fourier space.
regions that are significant (at the 10% level) above the GWS.
For Niño3 SST and the SOI (Figs. 3a,b) , the power is broadly distributed, with peaks in the 2-8-yr ENSO band. The 10% significance regions indicate that 1875-1920 and 1960-90 contain intervals of higher ENSO variance, while 1920-60 is a time of lower ENSO variance. Similar variance changes are found in east Pacific SST and Darwin SLP (Wang and Wang 1996) , and in tropical zonal winds (Gu and Philander 1995) . Here, the use of significance tests allows one to verify that the interdecadal variance changes in ENSO are statistically significant (Torrence and Webster 1998) .
The wavelet spectrum for all-India rainfall ( Fig. 3c ) is more uniformly distributed about all periods, as can also be seen in the GWS. The 1-8-yr band shows interdecadal changes similar to Niño3 SST and the SOI, with a distinct time of low variability from 1920 to 1950. Normand (1953) also noted a decrease in the severity of drought/flood events after 1920.
The tropical biennial oscillation (TBO), or 2-yr band, is not especially pronounced, except perhaps in the rainfall. Since the TBO is thought to occur irregularly (Meehl 1997) , the Morlet wavelet (which has three oscillations) is perhaps not the best wavelet function to use. Nevertheless the 2-yr variance shows the same decrease from 1920 to 1960 as the 2-8-yr band. There is also power in the 8-20-yr band during the last 50 yr,
(a) Wavelet power spectrum (using the Morlet wavelet) of the Niño SST. The wavelet power at each period is normalized by the global wavelet spectrum (GWS; Fig. 2 ). The shaded contour levels are at 1 and 2, i.e., ''equal to the GWS'' and ''twice the GWS,'' respectively. Cross-hatched regions indicate the ''cone-of-influence,'' where zero padding has reduced the variance. The thick black contour is the 10% significance level above the GWS. (b) Same as (a) but for the SOI. (c) Same as (a) but for all-India rainfall.
which agrees with the results of Mooley and Parthasarathy (1984) .
The wavelet power spectra for Niño3 SST, the SOI, and all-India rainfall indicate that there is significant (at 10%) nonstationary in variance in the 2-8-yr ENSO band. The variance changes also appear to agree on some of the finer-detail features, especially in the 2-4-yr band. These features are more easily seen in the variance time series.
c. Time series of 2-7-yr variance
To clarify the interdecadal changes in interannual variance, Fig. 4 shows the 2-7-yr wavelet variance times series (thick black curves with shading). Each horizontal slice through Fig. 3 represents a time series of wavelet variance at a particular scale (relative to the GWS). The wavelet power spectra are converted to energy densities by first multiplying by the GWS (to remove the normalization) and then dividing each time series by its corresponding wavelet scale. The 2-7-yr time series of energy density is then summed (TC98). Due to the scale width of the Morlet wavelet, the results are similar for scale averages using 2-5 yr or 3-7 yr. The above method is also equivalent to using a Fourier bandpass filter: the variance is conserved, and the mean amplitude of the variance time series is equal to the total variance within the bandpass filter (TC98).
The 2-7-yr variance time series of Niño3 SST, SOI, and all-India rainfall (Fig. 4) show large changes over the last 125 yr, with high variance from 1875 to 1920, lower variance from 1920 to 1960, and then high variance from 1960 to 1990. The three variance time series are highly correlated with each other, with the Spearman rank correlations given in Table 1 (the rank correlation is used because the time series are not Gaussian distributed). The significance levels are determined from Student's t-distribution, with the degrees of freedom estimated using a decorrelation time of 5.2 yr, determined from the e-folding time of the 2-7-yr scale-averaged wavelet.
In addition to the 1875-1920/1920-60/1960-90 interdecadal change in variance, there is also a 12-20-yr ''oscillation'' in variance, which is especially prominent in 1875 -1920 and 1960 -90 (Torrence and Webster 1998 . The thin curves in Fig. 4 are the square of the 2-7-yr bandpass-filtered time series. The black shading indicates where the filtered time series was originally positive in Niño3 SST, or negative in the SOI and Indian rainfall.
For Niño3 SST and the SOI the 12-20-yr variance oscillation corresponds to a 12-20-yr amplitude modulation of ENSO events. The ENSO system seems to go through an irregular cycle of increasing amplitude of ENSO events followed by decreasing amplitude. The 12-20-yr cycle is clearly apparent in 1875-1920 and 1960-90 , but less apparent for 1920-60. This modulation was also found in central Pacific SST from 1949 to 1992 by Mak (1995) . For all-India rainfall the 12-20-yr modulation is not as well defined, yet there are still intervals of correspondence between ENSO variance and all-India rainfall variance (e.g., 1871-85, 1895-1925, 1960-90) . The intervals of high ENSOmonsoon correspondence are more apparent in the wavelet coherency (section 4).
d. Time series of annual-cycle variance
The annual-cycle variance of Niño3 SST (relative to the GWS) is given by a slice at 1-yr period through Fig.  3a . The time series of 1-yr variance for Niño3 SST and Indian rainfall (not shown) are rank correlated at 0.48 (1% significant). When the amplitude of the SST annual cycle in the eastern Pacific is large, the amplitude of the Indian rainfall annual cycle also tends to be large. The other rank correlations are given in Table 1 . from 2-to 7-yr using a wavelet filter. The black shading indicates positive peaks in the filtered time series (i.e., before squaring), while the white are negative peaks. The lower half is the same but for the SOI (with variance increasing downward); the black bars now indicate negative peaks in the filtered SOI. (b) The upper half is the same as in (a), while the lower half is for the all-India rainfall; the black bars indicate negative peaks in the filtered rainfall. In all plots the hatched bands show where zero padding has reduced the variance. TABLE 1. Spearman rank correlation (ϫ100) between wavelet-derived time series. Niño3Ј is the 2-7-yr bandpass-filtered SST. Italics indicates significant at the 5% level, while bold are significant at the 1% level. The degrees of freedom (DOF) are estimated from the wavelet e-folding time (for each correlation the smaller of the two DOF is used).
2-7-yr variance

Niño3
SOI Rain For Niño3 SST, the 1-yr variance is negatively correlated with the 2-7-yr bandpass filter (r ϭ Ϫ0.29, 5% significant). This agrees with Gu and Philander (1995) , who found that during El Niño events the SST annual cycle has a smaller amplitude, while during La Niña the SST annual cycle is larger. This is due to the phase locking of ENSO events to the annual cycle. In the eastern equatorial Pacific, ENSO events tend to peak in December-February, when the sea surface temperature is normally low. A warm event produces above-normal SSTs during the cooler phase of the annual cycle (weakening the annual cycle), while a cold event produces below-normal SSTs (strengthening the annual cycle). Gu and Philander (1995) could find no relationship between interdecadal changes in ENSO and annual-cycle variance. Figure 3a suggests, however, that there is
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FIG. 5. Cumulative variance curves for the 1-yr Niño3 SST variance (thin solid curve), the 1-yr Indian rainfall variance (thin dashed curve), and the 2-7-yr Niño3 SST variance (thick curve), using the variance time series from Fig. 3 . Before calculating, each time series was normalized by dividing by the mean, subtracting 1.0, and dividing by the average wavelet scale (either 1.0 or 3.67 yr).
higher 1-yr power from 1935 to 1960, at the same time as there is lower 2-7-yr power. Cole et al. (1993) , using proxy rainfall at Tarawa (1ЊN, 172ЊE) , also found increased 1-yr power from 1930 to 1955 and decreased 2-5-yr power from 1925 to 1955. Note in Fig. 3b , however, that the higher 1-yr power is not seen in the SOI.
To clarify the relationship between annual-cycle and ENSO variance, Fig. 5 shows the cumulative curves for the 1-and 2-7-yr variance time series. The cumulative value is defined as the sum of the time series from an initial time up to a certain time. Before calculating the cumulative variance, the time series was normalized by the mean variance. Upward trends in the cumulative variance indicate intervals of above-normal variance, while upward concavity indicates intervals of increasing variance (Kraus 1955) .
The cumulative variance indicates that during intervals of high ENSO variance (1875-1920 and 1960-90 ) the annual-cycle variance is lower than average for both Niño3 SST and all-India rainfall. Conversely, during the 1920-60 interval of low ENSO variance there is higher than average annual-cycle variance. This inverse relationship also appears at the 12-20-yr timescale, especially during 1875-1910. The apparent phase shift between the 1-and 2-7-yr cumulative Niño3 variance on short timescales (prominent from 1875 to 1910) is due to the more rapid variation of the 1-yr variance, which causes changes in cumulative variance to appear earlier.
To test for significance, a Monte Carlo of 10 000 white noise time series was used with the above analysis method. None of the peaks in Fig. 5 is significant (10% level), which could suggest that the ENSO and monsoon time series are stationary in the 1-and 2-7-yr bands.
Nevertheless, it should be noted that the cumulative variance method is very sensitive to the white noise assumption, which is not necessarily appropriate for the annual cycle or ENSO timescales.
Wavelet coherency and phase
The Fourier squared coherency is used to identify frequency bands within which two time series are covarying. Here, the wavelet squared coherency is used to identify both frequency bands and time intervals within which ENSO and the Indian monsoon are covarying. The equations for wavelet coherency and phase are given in the appendix. Henceforth, the term ''coherency'' refers to the wavelet squared coherency.
The wavelet coherency between Niño3 SST and allIndia rainfall is shown in Fig. 6 . The 5% significance level was determined from a Monte Carlo simulation of 10 000 sets of two white noise time series with the same length as Niño3 SST and rainfall. The SST and rainfall show significant coherency in the 1-and 2-8-yr bands, with low coherency outside of these periods. The interdecadal change in ENSO-monsoon variance appears as an interval of low coherency from 1920 to 1960, especially in the 2-4-yr band. For 1920-60, Trenberth and Shea (1987) found weakened covariance for Darwin versus Pambam, India, while Allan et al. (1996) found weakened spatial correlation patterns between ENSO indexes and SST and SLP. From 1950 to 1990 there is a shift in the period of maximum coherency from around 7 yr down to around 2 yr. This shift also appears in the coherency of Niño3 SST and the SOI (not shown).
The usefulness of the wavelet coherency is especially apparent for intervals where both wavelet power spectra (Figs. 3a,c) show minimal power, yet there is still high coherency. For example, in 1935-45 there is a high coherency peak at the 2-yr period, which corresponds to the 1939-42 sequence of El Niño/La Niña events coupled to weak/strong monsoons (see Fig. 1 ). The peak in 1945-55 at 5 yr corresponds to a cycle of cold/warm/ cold Niño SST (4 yr each) coupled to a cycle of strong (9 yr)/weak (2 yr)/strong (4 yr) monsoons. These results suggest that even during times of low ENSO-monsoon relationship, the two phenomena can still show occasional strong interactions.
The wavelet coherency between Niño3 SST and the SOI (not shown) is greater than 0.8 for most times in the 2-8-yr band, and it exceeds 0.95 during the high ENSO variance intervals from 1875 to 1910 and 1960 to 1990 . In Niño3 SST-SOI there is low coherency outside of 2-8 yr, suggesting that independent processes (e.g., noise) operate at the smallest and largest scales.
The vectors in Fig. 6 indicate the phase difference between Niño3 SST and all-India rainfall at each time and period (see key). For clarity, only one vector is plotted every 2 yr, and every other vector is plotted in the period direction (because of the timescale averaging no information is lost). In the annual-cycle (1 yr) band the Niño3 SST and rainfall are about 120Њ out of phase. The peak SST in Niño3 occurs around April, while the peak Indian rainfall occurs around August, corresponding to a 4-month (120Њ) phase difference. This phase difference appears constant over the 1871-1994 record.
In the 2-8-yr band the Niño3 SST and rainfall are approximately 180Њ out of phase, indicating that abundant rainfall years tend to be associated with cold events, while drought years tend to be associated with warm events. For periods outside 2-8 yr the phase difference is more random.
The phase difference (rainfall lagging SST) increases from about 120Њ near the 2-yr band to about 180Њ near the 8-yr band (see especially 1875-1910 and 1930-50) . This phase increase is related to the lag between the Indian monsoon season and the typical boreal winter peak of ENSO events. Figure 7a shows the regression of November-January (NDJ) Niño3 SST onto individual months of Niño3 SST and all-India rainfall for one year before, during, and after the NDJ season. During an El Niño (year 0) the Indian monsoon tends to be weaker, yet the weak monsoon actually occurs approximately 4 months before the peak Niño3 SST (depending on the El Niño; see Webster et al. 1998) . Similarly, Fig.  7b shows the regression of June-September all-India rainfall onto Niño3 SST and all-India rainfall, and it indicates that a strong monsoon (year 0) is associated with cold Niño3 SST, which peaks about four months after the monsoon. Both scenarios produce a phase shift of 8 months between Niño3 SST and all-India rainfall. On a biennial timescale this implies that Niño3 SST leads rainfall by 120Њ (or, equivalently, Niño3 SST lags by 240Њ). On interannual timescales the 4-month seasonal lag becomes irrelevant and the phase difference approaches 180Њ out of phase. Figure 7 also contains a distinct biennial cycle, especially for rainfall. Weak monsoons tend to be followed the next year by decreased June rainfall (possibly indicating delayed onset) yet more rainfall overall. Strong monsoons are followed the next year by increased June rainfall (possibly earlier onset) with less rainfall overall.
Verification with other datasets
There are numerous data-quality issues (especially pre-1950) for the GISST dataset, which include changes in measurement methods and inadequate spatial and temporal coverage. In addition, the large-scale patterns of SST and SLP associated with ENSO are continually changing, making it difficult to regard a single time series as representative of long-term ENSO activity (Trenberth 1976; Trenberth 1997) .
To check the robustness of the interdecadal changes in ENSO and Indian rainfall, all of the above wavelet analyses were repeated using the following datasets and indexes: 1) Using the GISST data, all four Niño regions:
Niño1ϩ2 (10ЊS-0ЊN, 80Њ-90ЊW), Niño3 (5ЊS-5ЊN,
The linear regression of average Nov-Jan (NDJ; shaded) Niño3 SST (1872-1993; 122 points) onto Niño3 SST (black curve) and Indian rainfall (bars) for each month preceeding (year Ϫ 1), during (year 0), and following (year ϩ 1) the NDJ season. To simulate realistic amplitudes, a regression of ϩ2 standard deviations was used. The monthly mean annual cycle was removed from both time series. (b) Same as (a), but for the linear regression of total Jun-Sep (JJAS; shaded) all-India rainfall onto Niño3 SST and all-India rainfall. TABLE 2. Spearman rank correlation (ϫ100) between 2-7-yr variance time series. Italics indicates significant at the 5% level, while bold are significant at the 1% level. The significance levels use a 5.2-yr e-folding time for the degrees of freedom. 90Њ-150ЊW), Niño3.4 (5ЊS-5ЊN, 120Њ-170ЊW), and Niño4 (5ЊS-5ЊN, 160ЊE-150ЊW);
GISST
2) The Niño3 SST index, from January 1950 to September 1998, using data from the Climate Prediction Center optimally interpolated SST [courtesy of D.
Garrett, NOAA; see Reynolds and Smith (1994) ]; and 3) Wright's (1989) indexes of central Pacific SST (''S''; monthly 1881-1986) , equatorial Pacific rainfall (''R''; monthly , and Darwin minus Tahiti pressure (''DT''; seasonal 1870 ; these indexes are corrected for inhomogeneities according to Wright (1989) .
The results using these datasets are consistent with all of the wavelet results of the previous sections. The wavelet power spectra (e.g., Fig. 3 ) for all time series show nearly identical patterns. The 2-7-yr variance time series (e.g., Fig. 4 ) contain both the interdecadal changes and the 12-20-yr modulation. The rank correlations between the 2-7-yr variance time series are highly significant and are given in Table 2 .
The long-term changes in variance are also robust to other analysis techniques. The 1920-60 variance minimum appears when using either a running 15-yr variance, or using a sliding 15-yr window Fourier power spectrum (not shown).
The interdecadal changes in ENSO-monsoon variance appear to be independent of the datasets used or the analysis method.
Summary and discussion
The ENSO and Indian monsoon have undergone considerable interdecadal changes in variance and coherency over the last 125 yr. The following results were shown. R Wavelet power spectra (Fig. 3) and variance time series (Fig. 4) show interdecadal changes in 2-7-yr variance, and indicate intervals of high variance (1875-1920 and 1960-90) and an interval of low variance . R The 2-7-yr variance time series contain a 12-20-yr oscillation (Fig. 4) , consisting of a 12-20-yr modulation of ENSO and monsoon amplitude. R The annual-cycle variance is negatively correlated with the interannual ENSO signal (Table 1) , agreeing with Gu and Philander (1995) .
R The annual-cycle variance appears to be negatively correlated with ENSO variance on interdecadal timescales (Fig. 5) , with higher annual-cycle variance (from 1935 to 1960) during the interval of low ENSO variance. R The wavelet coherency between Niño3 SST and allIndia rainfall is very high (Fig. 6) , especially in the 2-8-yr band during intervals of high variance (1875-1920 and 1960-90) .
All of the results are robust with respect to different datasets and indices (Table 2) , and different analysis methods (running variance and Fourier spectra).
Currently, there is no explanation for either the longterm or 12-20-yr changes in ENSO-monsoon variance and coherency, although the results suggest three possible explanations.
1) The changes in variance are part of the internal variability of the tropical climate system. Using simple dynamical models, Lorenz (1991) found extended intervals, ''longer than any built-in timescale,'' of one type of dynamical behavior, followed by long intervals of different behavior. In this context, 1875-1920 and 1960-90 exhibit one behavior, while 1920-60 exhibits a different behavior. Large changes in ENSO variance have been found in a low-resolution coupled ocean-atmosphere GCM, without any changes in extratropical or external forcing (Knutson et al. 1997) . The Cane-Zebiak model, commonly used for ENSO forecasts, also contains interdecadal changes in ENSO amplitude and frequency, again with no changes in forcing (Zebiak and Cane 1991) . 2) The changes in variance could be linked to external changes in the mean background climate or to extratropical changes in variance. Field correlations of 2-7-yr SST variance time series (not shown) indicate possible links on interdecadal timescales to the North Pacific, although the results are very preliminary. Connections exist between SSTs in the central equatorial Pacific and the North Pacific (Deser and Blackmon 1995; Mak 1995) , and possibly between the ENSO-monsoon system and the North Atlantic oscillation (Yasunari and Seki 1992) . Other studies suggest that changes in Pacific Ocean climate can influence ENSO-monsoon variability (Parthasarathy et al. 1991; Trenberth and Hurrell 1994; Wang and Ropelewski 1995) . 3) A combination of the previous explanations, where internal variability is modulated in part by external changes. Using the Cane-Zebiak model coupled to a simple statistical atmosphere, Kirtman and Schopf (1998) suggest that interdecadal changes in ENSO are caused by internal variability that manifests itself as changes in the mean tropical climate. Conversely, Gu and Philander (1997) propose an interdecadal oscillation of subsurface temperature anomalies between the extratropics and Tropics, causing changes in tropical SSTs and a modulation of ENSO variability.
Given the limited data record and the difficulty of separating the different timescales, it is uncertain which (if any) of the above scenarios is correct.
The increase in annual-cycle variance during times of decreased 2-7-yr variance suggest a possible ''transfer'' of energy between the the annual cycle and ENSO, occurring on interdecadal timescales. The annual cycle during 1935-60 may have been more efficient at redistributing heat throughout the Tropics, thereby reducing the amplitude and frequency of ENSO events. These changes in variance may also be related to a shift in monsoonal circulation from ''meridional'' to ''zonal'' around 1940 (Fu and Fletcher 1988; Parthasarathy et al. 1991) , although the relationship and timing are unclear.
The interdecadal changes in wavelet coherency between Niño3 SST and all-India rainfall closely parallel the interdecadal variance changes, suggesting that intervals of high variance are associated with clear ENSO-monsoon relationships, and intervals of low variance show little ENSO-monsoon relationship. The variance-coherency relationship could help in assessing model predictive skill: times of high variance would presumably have higher predictive skill for both the monsoon and ENSO, due to an increase in the usefulness of the ENSO-monsoon connection. Indeed, Walker's monsoon ''foreshadowing'' was successful up until the early 1920s when the SOI-monsoon connection became weaker (Normand 1953) . During 1920-60 the low coherency perhaps indicated that other processes (such as Eurasian snow cover) needed to be considered for successful monsoon forecasts. It is interesting to note that from 1921 to 1950 Australian rainfall shows both low persistence and a weakened correlation with the SOI (Simmonds and Hope 1997) , suggesting that changes in ENSO variance may also affect the predictability of the Australian monsoon.
During the last 30 years it has become possible to successfully forecast ENSO events up to a year in advance (Webster and Palmer 1997) . The strong ENSOmonsoon connection suggests that there is some predictability for the coupled ENSO-monsoon system (Ju and Slingo 1995) . Nevertheless, notes that ''the relationship between El Niño and the Indian monsoon . . . does not hold during the most recent decade.'' As an example, 1994 was an El Niño year, yet the Indian monsoon was unusually strong (Soman and Slingo 1997) . Similarly, the 1997 El Niño started unusually early and became very intense, yet the monsoon was close to normal (Webster and Palmer 1997) . It is possible that the tropical climate system is returning to a period similar to 1920-60, with low ENSO-monsoon variability and reduced predictability.
Further work is needed on the cause of interdecadal variance changes in the ENSO-monsoon system, on the relationship between annual-cycle and ENSO variance, 
where (*) indicates complex conjugate. The cross-wavelet spectrum accurately decomposes the Fourier co-and quadrature-spectra into timescale space. The wavelet squared coherency is defined as the absolute value squared of the smoothed cross-wavelet spectrum, normalized by the smoothed wavelet power spectra,
where ͗ · ͘ indicates smoothing in both time and scale. Note that in the numerator, both the real and imaginary parts of the cross-wavelet spectrum are smoothed separately before taking the absolute value, while in the denominator it is the wavelet power spectra (after squaring) that are smoothed. The factor s Ϫ1 is used to convert to an energy density. Using these definitions, 0 Յ (s) 2 R n Յ 1. Finally, it is noted that because the wavelet transform conserves variance (TC98), the wavelet coherency is an accurate representation of the (normalized) covariance between the two time series.
The wavelet-coherency phase difference is given by R n n (s) are functions of the time index n and the scale s. The smoothing in (A2) and (A3) is done using a weighted running average (or convolution) in both the time and scale directions. It should be noted that just as the Fourier coherency depends on an arbitrary smoothing function, so also does the wavelet coherency. Nevertheless, the width of the Morlet wavelet function in both time and Fourier space provides a ''natural'' width of the smoothing function. The time smoothing uses a filter given by the absolute value of the wavelet function at each scale, normalized to have a total weight of unity. For the Morlet wavelet this is just a Gaussian, . The scale smoothing is done using a boxcar 2 2
Ϫt /(2s ) e filter of width ␦j 0 , the scale-decorrelation length. For the Morlet wavelet, ␦j 0 ϭ 0.60 (TC98). Using different filter widths and shapes produces either smoother (and larger) coherency or noisier (smaller) coherency yet still gives the same qualitative results. The above filters are the best ''compromise,'' as they provide the minimal amount of smoothing necessary to include two independent points in both the time and scale dimensions.
